O presente trabalho consiste no desenvolvimento de uma tocha de plasma de corrente contínua com eletrodos de grafite e sistema de nebulização integrada para a eliminação de resíduos líquidos organoclorados (tetracloreto de carbono) em pequena escala. Os gases resultantes da pirólise do tetracloreto de carbono pelo plasma foram coletados e identificados por cromatografia gasosa acoplada ao espectrômetro de massa (GC-MS) e monitorados por cromatografia gasosa com detecção por ionização de chama (GC-FID). Observou-se que a tecnologia do plasma térmico elimina tetracloreto de carbono, caracterizando-se por baixo custo, simplicidade operacional e dimensões reduzidas, apresentando-se como uma alternativa ambientalmente correta, pois reduz a emissão total de gases organoclorados.
Introduction
The chemical wastes generated by laboratories at universities and research institutions are noted for their great diversity and small quantities in relation to the hazardous waste generated by industries. These characteristics make their treatment much more difficult, since the employment of large incineration plants involving thermal processes is not economically viable for the incineration of hazardous waste in small quantities and variable chemical composition.
Technologies involving thermal processes have been extensively used in the treatment of chemical wastes. The oldest and best known is incineration in which the waste is converted through oxidation, into a material which is less voluminous and more inert than the original. 1 However, in the case of hazardous chemical wastes such as organochlorines, apart from the incineration furnaces, the system requires expensive gas washing towers for the retention of dioxins and furans (carcinogenic organochlorines produced mainly by the incineration of chloride compounds), 1 generated by incomplete oxidation. Despite being generally efficient, treatment by incineration does not provide a final solution for the dioxins and furans that remain deposited in the hydraulic washing system or are released directly into the atmosphere. 2 A new and very attractive process as a final treatment of this class of chemical waste is pyrolysis by thermal plasma. 3 Due to the high temperature and the absence of oxygen in the process, 2 which minimizes the possibility of forming toxic compounds such as dioxins and furans, this technology offers considerable advantages in comparison to ordinary processes of thermal oxidation.
In recent years a wide amount of research concerning the destruction of hazardous wastes using plasma torches has been conducted. Such studies report the treatment of organochlorine residues by thermal plasma, [4] [5] [6] [7] [8] [9] [10] [11] describing the removal efficiency of the compounds, torch efficiency, treatment time, operational costs and absence of dioxins and furans in the resulting pyrolytic gases.
Our research aimed to develop a compact system for the elimination of carbon tetrachloride waste employing the plasma process. This involved the planning and construction of a system for the pyrolysis of carbon tetrachloride and analysis of gases produced, applying a pre-concentration procedure, the solid-phase microextraction system (SPME). The compounds formed by thermal pyrolysis were identified using gas chromatography with flame ionization detection (GC-FID) and gas chromatography coupled with mass spectrometry (GC-MS).
Materials and Methods
The experimental section consists of two parts. The first describes the construction and optimization of the graphite electrode plasma torch. The second part describes the resulting gases from the pyrolysis of the carbon tetrachloride, which were analyzed by GC-MS and GC-FID, using the SPME pre-concentration technique. The presence of solid carbon was confirmed by SEM (Scanning Electron Microscopy) and the presence of chlorine was confirmed by the silver nitrate test.
Graphite electrode plasma torch
The configuration of the graphite electrode plasma torch employed was similar to that proposed by Margoshes and Scribner, 12 being composed of two graphite electrodes coupled with a pneumatic nebulizer, as shown in Figure 1 . The Margoshes torch was originally developed for spectroscopic chemical analysis. However, our proposed system was for the elimination of organochlorine liquid waste. The design of this torch employed materials such as Bakelite and Teflon instead of metal and hard rubber as proposed by Margoshes. These materials were chosen because of their excellent thermal and electrical insulation properties. In addition, these materials are easily found in local commerce and are good for mechanical works. The dimensions of our torch were modified to increase the nebulization efficiency, and the construction was carried out in the mechanical workshop of our own Chemistry Department (UFSC). The following working specifications were applied: inter-electrode distance 2 mm, current 80 A, liquid sample flow 2.0 x 10 -2 L min . These were the optimal conditions to guarantee that all the nebulized material underwent pyrolysis inside the torch. Argon was used to form the plasma torch on account of its low thermal conductivity 13 and its low energy required for ionization. In our system the energy required was 3.2 Kw. Other gases could be used for plasma generation, such as helium, nitrogen and oxigen. Measurements taken by Weiss, 13 using an argon plasma jet with cooled water at a current of 50 -1400 A and various cathode apertures, showed temperatures of around 10000°C for conditions similar to those used in our study.
Working mechanism
The formation of the plasma was established between the cathode (4) and the anode (5), under a difference in potential and current between them of around 40 V/80 A. The direct current source for the generation and maintenance of the plasma torch was a transformer reductor and a change intensity current reactor with rectifiers and filters connected in a bridge-type circuit. The arc was initiated by the discharge of a momentary spark of a circuit incorporated in the direct current source. Argon was the gas used to form the plasma. The main argon stream (A) for the plasma formation was introduced helically into the chamber (8) with a flow of 7 L min -1 . The zone of pyrolysis became stabilized between the cathode and the anode. The auxiliary argon stream (B) was used to carry and nebulize liquid materials into the hot plasma torch through a stainless steel capillary tube (12) . This auxiliary argon 2005 stream was also used to carry the pyrolyzed products outside the plasma chamber.
The cathode (4) was a 12 mm graphite disc with a central orifice of 1 mm, which was fitted into the center of the watercooled brass disc (3) and held with supporting grips (2) to a Bakelite cylinder (7) used as a thermal and electric insulator for the anode. The anode (5), which was also made of graphite and had the same dimensions as the cathode, was held at the tip of the water-cooled brass cylinder (10) fitted to the Bakelite cylinder. The Teflon atomizer (11) with a graphite spout (6) was screwed into the brass cylinder. The stainless steel capillary tube, (12) for the sample injection, was held inside the atomizer by a Teflon screw. Brass screws connected both anode and cathode. The gas resulting from the pyrolysis was collected in the gas sampling system, which was fixed to the torch (1) with a rubber tube in the upper part of the brass disc (3). The gas sampling system ( Figure 1 ) for collecting pyrolysed products was made up of a quartz waterrefrigerated post-pyrolysis chamber (14) and a sampling ampoule (15) . The solid carbon produced was trapped on the wall of the post-pyrolysis chamber. The gas was retained in the ampoule by rotation joint taps at its extremities. The gas sample was collected via the needle of the micro syringe (16) from the septum in the central opening of the ampoule by means of the fiber (17) covered with the polymer polydimethylsiloxane (PDMS) of 100 µm thickness. After each procedure to eliminate CCl 4 was carried out, the torch was cleaned because of accumulation of soot from decomposition of CCl 4 and from the graphite electrode.
Analytical procedures
The carbon tetrachloride sample was submitted to the plasma at various entry rates (0.2 x 10 ) and the gases generated were analyzed. The analysis of gas products was conducted by the SPME technique. In this process, gases were collected in the sampler ampoule, where a PDMS polymer fiber was exposed for 30 min. During this period, the analytes were absorbed onto the fiber and later were desorbed in the heated injector of the gas chromatograph, providing a chromatogram of the compounds resulting from the pyrolysis. The analyses were carried out on a Shimadzu gas chromatograph, model GC-14B, equipped with a flame ionization detector (FID) and split/splitless injector and with detection by mass spectrometry (GC-MS) model 14A, QP-2000A.
Results and Discussion
In theory, when carbon tetrachloride is injected directly into the plasma torch, the high density of energy generated by this procedure breaks the molecular structure of the individual components into their constituent atoms. 14 The blackening of the post-pyrolysis chamber indicates the formation of solid carbon by the process. Analysis of these solids by SEM also confirms the presence of solid carbon and adsorbed chlorine. The pyrolysis gases, when bubbled through an aqueous acid medium, also confirm the presence of chlorine by the silver nitrate test. Data from the literature confirm 15 that the pyrolysis of CCl 4 can also produce chlorine gas (Cl 2 ) and solid carbon (C).
Because of the high dilution factor present in the gaseous sample, constituted mainly by chlorine and argon, and due to a very low number of gaseous products generated by the process, the use of an airtight syringe to monitor the gas products formed in thermal plasma pyrolysis is not adequate for GC-MS analysis. In this sense, the use of the SPME technique for the pre-concentration and monitoring of gases deriving from thermal plasma showed to be a powerful tool when compared with the airtight syringe 16 . Then, the analysis of gases deriving from destruction of CCl 4 by thermal plasma using SPME technique was achieved, and peaks of the byproducts formed were observed on the chromatograms as shown in Figure 2 . In these chromatograms, the peaks with a retention time of 1.6 min correspond to carbon tetrachloride. The analysis of the chromatograms also revealed peaks with retention times greater than those of CCl 4 , which characterizes compounds of greater molecular mass than carbon tetrachloride. Tests using GC-MS allowed the following attributions: tetrachloroethylene; hexachloro-ethane; 1,1,2,3,4,4 hexachloro 1,3-butadiene; hexachlorobenzene and 1,2,3,4-tetrachloro 5-dichloro 1,3-cyclopentadiene. Structurally, the solid carbon is constituted by carbon atoms linked in hexagonal planes, which form layers that are easily removed from the body of the solid. Each carbon atom is bound to another three via one double and two single bonds. In this way, the presence of solid carbon, chlorine ions, high temperature and a reduced atmosphere rich in electrons explains the formation of these compounds. 14, 15, 17 The peak intensity of carbon tetrachloride was used to obtain the destruction and removal efficiency of this compound by the homemade plasma torch (Figure 2) . Therefore, the study of efficiency was calculated as the ratio between the CCl 4 chromatography signal obtained with the thermal plasma turned-off and the CCl 4 chromatography signal with the thermal plasma turnedon. The presence of the carbon tetrachloride peaks on the chromatograms obtained when a high flow rate of liquid sample was used showed an incomplete pyrolysis of CCl 4 . The ideal aspiration rate of the sample for maintaining equilibrium between the aerosols formed and the plasma to obtain a complete pyrolysis was found at 0.2 mL min -1 . The efficiency of the decomposition of CCl 4 using the homemade torch to generate thermal plasma can be demonstrated by the major solid carbon and chlorine and minor chlorinated compounds detected in the postpirolysis chamber. Its efficiency was 98% using its optimized operational conditions and this result is in agreement with those published by Staley 15 and Han et al. 7 who obtained efficiencies between 93% and 99.9%.
Conclusions
With a view to providing a solution for the liquid organochlorine waste generated in teaching and research laboratories and based on the modern technology of plasma, it may be said that the system proposed here is characterized by low cost and operational simplicity. The reduced dimensions of the plasma torch and the treatment time are also smaller than conventional incineration techniques. 18 The aspiration rate (2.0 x 10 -2 L, min -1 ) could be increased by employing systems with various torches in series. The graphite electrodes may cause high erosion rates and require more frequent replacement, 19 although graphite is a low-cost and easily applicable material.
This work confirms that the homemade plasma torch can be used to decompose chlorinated material, reducing the total emission of gases and also favoring the viability of mobile equipment for the treatment of liquid residues on a small scale.
